Spatially locked vortices in the cavities of a combustor aid in stabilizing the flames. On the other hand, these stationary vortices also restrict the entrainment of the main air into the cavity. For obtaining good performance characteristics in a trapped-vortex combustor, a sufficient amount of fuel and air must be injected directly into the cavity. This paper describes a numerical investigation performed to better understand the entrainment and residence-time characteristics of cavity flows for diffirent cavity and spindle sizes. A third-order-accurate timedependent Computational Fluid Dynamics with Chemistry (CFDC) code was used for simulating the dynamic flows associated with forebody-spindle-disk geometry. It was found from the non-reacting flow simulations that the drag coefficient decreases with cavity length and that an optimum size exists for achieving a minimum value. These observations support the earlier experimental findings of Little and Whipkey (1979) . At the optimum disk location, the vortices inside the cavity and behind the disk are spatially locked. It was also found that for cavity sizes slightly larger than the optimum, even though the vortices are spatially locked, the drag coefficient increases significantly. Entrainment of the main flow was observed to be greater into the smaller-than-optimum cavities. The reacting-flow calculations indicate that the dynamic vortices developed inside the cavity with the injection of fuel and air do not shed, even though the cavity size was determined based on cold-flow conditions.
INTRODUCTION
A revolutionary advancement in the development of a simple, compact, and efficient method of combustion was recently proposed by Hsu et al. (1995) . This new combustor concept employs a vortex that is trapped in a cavity to stabilize the flame-hence, is referred as TrappedVortex (TV) concept. Even though the idea of trapping a vortex for flame stabilization purposes is novel one, interest in the utilization of vortex motion to aerodynamic advantage has intrigued aerodynamicists for many years. Experiments of Rohsenow et al. (1987) have shown that when two circular orifices are placed in series in a pipe, in certain circumstances, a large recovery of pressure may occur across the second orifice; hence, the overall pressure drop is considerably less for óe two orifices than for a single one having the same flow. In ribbed diffusers, Migay (1962) found that balancing the fluid removed by entrainment and the fluid entering the cavity by reversed flow ensures that the flow outside the cavities will follow the ribs fairly closely and a good pressure recovery will be obtained. By mounting a disk behind the base of a blunt body, Mair (1965) has shown that the afterbody drag of the blunt object will be reduced. Using similar concepts, Roshko and Koenig (1976) have reported a reduction in drag of blunt forebodies when disks are placed on spindles ahead of the body.
In order to understand the aerodynamics associated with minimum-drag conditions, Little and Whipkey (1979) conducted extensive investigations on the dynamic nature of flows over bluff bodies using smoke-flow-visualization and laser-velocimetry techniques. Because of the limitations al the smoke tunnel, they used reduced flow conditions (-0.3 m/s) and half-scaled geometries for the flow-visualization studies and full-scale geometries and turbulent flows (-30 m/s) for the time-averaged drag measurements. Based on these reduced and full-scale experiments, they correlated the afterbody drag and the motion of the vortex in the wake region and postulated that a minimum-drag condition established when the wake vortices are locked between two disks mounted in series on a spindle. They also suggested that the cavity formed between the disk and the bluff body should be of such dimensions that the locked vortex effectively fills the cavity. Since these dynamic flow results were obtained for velocities lower by nearly two orders of magnitude than those used in the hill-size wind-tunnel experiments, these conclusions are open to question. And also, in practical combustors, partial burning takes place in the recirculation zones and in the cavity vortices which could alter the vortex dynamics. As a result, it might be expected that the criterion for trapping a vortex in a combustor would be different from that observed in cold flows. Performing experimental studies on vortex dynamics inside the cavities in a combusting environment is extremely difficult mainly because of 1) limited access to the bright, hot cavity flow and 2) problems arising from the use of moving parts. On the other hand, recent progress in Direct-Numerical-Simulation techniques (Grinstein and Kailasanath, 1995, Veynante et al. 1995 ) has led to a growing interest in investigating dynamic flows computationally.
In the present investigation the trapped-vortex concepts were studied numerically using a third-order-accurate timedependent Computational Fluid Dynamics with Chemistry (CFDC) code. Results obtained for cold flows with different cavity sizes were analyzed to gain an understanding of the dynamic nature, entrainment, and residence-time characteristics of the cavity flow. Calculations were also performed for the reacting flow in the center-body trappedvortex combustor using a fast-chemistry assumption.
MODELING
A time-dependent, axisynunetric mathematical model that solves for axial-and radial-momentum equations, continuity, and enthalpy-and species-conservation equations is used to simulate the flowfields in the trappedvortex combustor. Density is obtained by solving the state equation, while the pressure field at every time step is determined from pressure Poisson equations. For the cases in which turbulent-flow characteristics were modeled, the time-dependent equations for turbulent energy (k) and turbulent-energy dissipation (e) are also solved, along with the other governing equations. The standard isotropic k-e turbulence model is incorporated in those cases. Even though all the governing equations are solved in an uncoupled manner, the turbulence and species-conservation equations are coupled through the source terms during the solution process to improve the stability of the algorithm.
In the present analysis of reacting flows, the simple global-chemical-kinetics model involving propane, oxygen, water, carbon dioxide, and nitrogen used is expressed as follows;
C3H8 + 5 02+ N2=-> 3 CO2 + 4 1-120 +Nz.
The specific reaction rate for the above equation is written in Arrhenius form, with an activation energy of 1000 cal/mole and pre-exponential of 1.0 x 10 16 m6/mole2/s to yield very high reaction rates at all temperatures. These numbers for reaction rate are obtained from a trial-and-error calculations on turbulent free-jets (Katta and Roquemore, 1996) . An orthogonal, staggered-grid system with varying cell sizes in both the x and r directions is utilized. The momentum equations are integrated using an implicit QUICKEST (Quadratic Upstream Interpolation for Convective Kinematics with Estimated Streaming Terms) numerical scheme (Carta et al., I 994a; Leonard 1979) which is third-order accurate in both space and time and has a very low numerical diffusion error. On the other hand, the species, enthalpy, and turbulence-energy conservation equations, which have relatively large source terms, are integrated using the hybrid scheme of Spalding (1972) . By rearrangement of the terms, the finite-difference form of each governing equation at all grid points is written as a system of algebraic equations which is then solved using the Alternative-Direction-Implicit (ADD technique. The time increment, At, is determined from the stability constraint and maintained as a constant during the entire calculation. The pressure field at every time step is accurately calculated by simultaneously solving the system of algebraic pressure Poisson equations at all grid points using the LU (LowerUpper) decomposition technique.
Temperature-and species-dependent thermodynamic and transport properties are used in this formulation. The enthalpy of each species is calculated from polynomial curve-fits, while the viscosity, thermal conductivity, and diffusion coefficients of the species are estimated from the Lennard-Jones potentials.
Flat velocity profiles are used at the fuel and air inflow boundaries. A simple extrapolation procedure (Katta et al., 1994b) with weighted zero-and first-order terms was used to estimate the flow variables at the out-flow boundary. The usual no-slip, adiabatic, and chemically inert boundary conditions were applied at the walls. Wall functions were used for determining the gradients of the flow variables near the walls in the cases where turbulence was modeled.
RESULTS AND DISCUSSION
The geometry chosen for the study of fluid-dynamics effects on a bluff forebody is very similar to that used by Little and Whipkey (1979) in their experimental investigations on locked vortices. It consists of a 100-mmdiameter flat cylindrical forebody enclosed in an annular cylindrical tube having a 200-mm inner diameter. An afterbody disk having a diameter and thickness of 75 and 2 mm, respectively, is attached to the forebody using spindles. Two sizes of spindles (9-and 28-mm diameter) are used. The size of the cavity formed between the forebody and the disk is varied by moving the disk toward or away from the forebody. Airflow over this body develops vortices inside the cavity and behind the disk; normally these vortices shed, and the flow becomes dynamic in nature. The velocity of the air used in the annular gap between the forebody and the surrounding tube is 30 m/s. Axisymmetric calculations are made for different cavity sizes using a 301 X 91 grid system. The geometry and the grid system used are shown in Fig. I . Varying grid spacing was adopted in both the axial (x) and radial (r) directions to cluster the grid points in the cavity and near the walls.
Starting from an uniform initial flowfield around the forebody-spindle-afterbody combination, direct numerical simulations are made for different cavity sizes using the model described earlier. Turbulence modeling was not used for these cold-flow cases. In order to obtain results that are not biased by the initial uniform flowfield, initial calculations for 25,000 time steps (corresponding to 0.675 s of real time) were discarded prior to the recording of the dynamic solutions. Calculations were then continued for another 5,000 time steps for data-analysis purposes.
Drag on Forebody-Spindle-Atterboctv Combination
The total time-averaged drag coefficient (Co) on the forebody-spindle-disk combination for each case is computed from the unsteady data using the expression
Here, p" and pa correspond to wall and inlet pressures, respectively; Itt, is the wall shear stress; and c, and c", are the pressure-drag and skin-friction coefficients, respectively. Time L corresponds to the calculated time. For investigating the drag increase or decrease resulting from the cavity formed between the forebody and the disk, Calculations were performed on an afterbody-spindleforebody combination for different cavity sizes and for the annular airflow velocity of 30 m/s. The direct simulation using 301 X 91 grid points resulted in dynamic flows with a degree of unsteadiness related to the cavity size. Timeaveraged quantities from these calculations were obtained by avenging the data over a period of 135 ms (5000 time steps). Calculations Were also made incorporating k-E turbulence model. Even though the same fine grid having 301 X 91 points was used in these simulations, use of the k-E turbulence model yielded steady flowfields for all the cavity sizes. The drag coefficient obtained from the direct simulations and from the calculations made using the k-E turbulence model fir different cavity sizes indicate that the drag coefficient decreases initially with the separation between the forebody and disk and increases for large separations-which is similar to the behavior observed in the experiments. Quantitative comparisons with the . experimental data are made for changes in drag coefficient (ACD) for different cavity sizes which are obtained by subtracting the base drag coefficient (without disk) from that obtained with the disk.
Computed results in the form of drag reduction obtained for different cavity sizes are compared with the experimentally measured ones in Fig. 2 (a) and 2(b) fix small-and large-spindle cases, respectively. Both the calculations and the experimental data show that drag reduction is maximum when the disk is placed 50 to 60 mm downstream of the forebody. Interestingly, even though the simulations with the k-E turbulence model did not result in the dynamic flows observed in the experiments, the drag coefficients compare favorably with those from the experiment. On the other hand, the direct simulations obtained by solving Navier-Stokes equations without incorporating any turbulence models yielded dynamic flows similar to those observed in the experiment. It is known that the 30-m/s airflow would result in turbulent flow in the channel created by the annular tube and the forebodyspindle-disk combination. However, the higher-orderaccurate algorithms used for solving the momentum and pressure Poisson equations are expected to simulate flow structures that are comparable to the grid system utilized. In the present study, the grid spacing in the cavity region varies from 0.8 to 0.92 mm, and a time step equal to 0.027 ms was chosen. With the use of this model, flow structures of 6-mm size (an order of magnitude smaller than the cavity 0.1 height) can be resolved. The reasonably good agreement seen in Fig. 2 suggests that the drag force associated with this geometry is dominated by the large-scale motion of the fluid and that the small scales (turbulent scales) are playing a secondary role. For both spindle sizes, a maximum drop in drag coefficient occurs for approximately the same cavity length. The calculated drag-coefficient profile for the small-spindle (11D0 = 0.0938) case [Fig. 2(a) ] indicates that the drag coefficient monotonically decreases to a minimum value and then increases for cavity lengths greater than 60 nun. On the other hand, for a larger spindle (D,/D0 = 0.281), it should be noted that the drag coefficient increases significantly fur cavity lengths between 40 and 60 mm before reaching the minimum value [ Fig. 2(b) ]. Turbulent-flow calculations with the k-e model yielded no spikes in drag coefficient for either spindle size. Detailed analysis of the time-dependent data obtained for a cavity length of 50 mm indicated that the vortices inside the cavity became quite unsteady, resulting in more shedding of vortices from the cavity and, hence, a higher drag coefficient. Experiments showed no any such spikes for the large-spindle case; however, interestingly, a large spike in the drag-coefficient profile was observed for the small-spindle case, indicating that for some smaller-than-optimum size cavities, the drag coefficient could increase drastically. Calculations have captured this phenomenon, but for a different spindle size. The discrepancy noted between the calculations and the experimental results regarding the occurrence of drag spike is believed to result from geometrical parameters such as rounded corners and surface roughness and flow quantities such as inlet profiles and fluctuations that are inherent in the experiments. Additional work is needed in the modeling and experimental aspects to allow better comparisons; however, since the present model is reasonably predicting the drag-coefficient Vs cavity-length profile and spikes in the drag coefficient for certain cavity sizes, the model results could be used with confidence to obtain a qualitative understanding of the physical process that result in such effects.
Flow Structures
The instantaneous solution obtained for the forebodyspindle combination (without the disk) is shown in Fig. 3 in the form of velocity vectors in the upper half and particle traces in the lower half. This solution represents data obtained at the end of the 30,000-time-step calculation. The flowfield is nearly at steady state, with a large recirculation zone being created downstream of the forebody and extending up to z = 160 mm. A small vortex has also developed in the corner of the forebody and spindle. For visualizing the dynamic nature of the flow, the instantaneous positions of the particles that were continuously released from locations near the entrance region are shown in Fig. 3 . The solid triangles represent the locations of the particles that were released in the freestream and close to the forebody, whereas the open circles represent the locations of the particles that were released away (r > 60 mm) from the forebody. The steady nature of the flowfield in the absence of the afterbody disk (Fig. 3) is evident from the separate streaks of particles. Note that none of the particles injected into the freestream entered the recirculation region formed behind the forebody. On the other hand, the particles that were injected into the Perturbation to the steady flow that developed over the forebody-spindle geometry is studied by placing a disk on the spindle. The instantaneous flowfields obtained with the disk located at different distances from the forebody am shown in Figs. 4(a)-4(d). The plotting scheme used for these figures is identical to that used in Fig. 3 . In general, vortices are formed in the cavity and downstream of the disk in all cases. When the cavity formed between the forebody and disk is small [ Fig. 4(a) ], several vortices are developed within the cavity, and the flow is dominated by two counter-rotating vortices. Note that the largest vortex in the cavity is rotating in the direction opposite that of the recirculating vortex seen in Fig. 3 . The unsteady nature of these cavity vortices triggers shedding of the large recirculating vortex formed behind the disk. The dynamics of the flow may be visualized readily from the particle traces (or streak-lines) shown on the lower half of each plot in Fig.  4 . A significant number of particles represented by solid triangles has entered the cavity and the vortex behind the disk in the case of XiDo = 0.4; which, indicates the intense mixing resulting from the dynamic flow structures. When the disk was located at Jc/D o = 0.6, the cavity flow became steady; as a result, the flow behind the disk also became nearly steady [ Fig. 4(b) ]. The total drag under this condition reached a minimum value. Well-defined corner vortices have formed in this case. Interestingly, the direction of rotation of the fluid in the cavity follows that observed for the no-disk case (Fig. 3) . The steady vortices in the cavity and behind the disk in this optimum case seem to be the split parts of the steady vortex computed without the disk, and the velocity vectors at the tip of the disk show that the fluid is passing around the disk smoothly. However, the location of the main-flow re-attachment point on the spindle has shifted from 110 to 125 mm from the 
forebody with the addition of the disk. This increase in the re-attachment distance was also observed in the flowvisualization experiments of Little and Whipkey (1979) . Simulations made for XJDo = 0.7 [ Fig. 4(c) ) yielded perfectly steady vortices within the cavity and behind the disk. The flow structure is similar to that observed for the XID0 = 0.6 case. For cavity sizes greater than XiDo > 0.7, flow in the cavity and behind the disk became unsteady [ Fig. 4(d) ], resulting an increase in the drag coefficient. Unlike in the smaller-than-optimum-cavity case [ Fig. 4(a) ], only one dominating vortex was formed in the cavity and a multiplevortex structure was established behind the disk. The vortex in this larger-than-optimum-cavity case is not shedding. However, since the size of the cavity in this case is larger than the optimum one, the trapped vortex rotates within the cavity. This is evident from the particle traces plotted in the bottom half of Fig. 4(d) . At this instant the solid-triangle particles are pulled into the cavity since the vortex is closer to the disk; at other instants these particles pass over the disk when the vortex is pushed toward the forebody. The distribution of particles in this figure also indicates that particles lump together while moving around the center of the cavity; when that lump approaches the edge of the afterbody, a fraction of particles leaves the cavity. This implies that particles are entrained into the cavity vortex during a certain phase and then exit the cavity during a different phase, leading to periodic accumulation of particles in the cavity.
Calculations for the forebody-spindle-afterbody geometries are also made using the k-E turbulence model. For these calculations grid, time-step, and flow conditions utilized are the same as those used for the direct simulations. Interestingly, for every cavity size, the simulation with the turbulence model quickly converged to steady-state flowfield. Results obtained for cavity sizes XIDD = 0.4, 0.6, 0.7, and 1.2 are shown in Figs. 5(a), 5(b), 5(c), and 5(d), respectively. Since each of these solutions represents a steady-state flowfield, streamlines are plotted rather than particle traces.
In general, the turbulent-flow calculations yielded a single vortex in the cavity region and another behind the disk. In the case of XID0 = 0.4, the direction of rotation of the cavity vortex is normal (clockwise). On the other hand, as shown in Fig. 4(a) , the direct simulations resulted in a multiple-vortex structure with the largest one rotating in the counterclockwise direction--compares well with the experimental data obtained by Little and Whipkey (1979) . The flow structure downstream of the disk captured by k-E turbulence calculations is also quite different from that captured by direct simulations. The vortex in the former is squeezed toward the spindle, whereas that in the latter is pushed away from the spindle. For the near optimum-sizecavity cases where the flow is in steady state, turbulent and direct calculations yielded similar solutions. The turbulent calculations predicted flow reattachment on the spindle at x = 175 and 192 mm for the LIDO = 0.6 and 0.7 cases, respectively, while the direct simulations predicted reattachment at x = 175 and 186 mm, respectively. However, some minor differences exists in the solutions obtained by the turbulent and direct calculations for these cases. The turbulence model seems to dissipate the corner vortices that are observed in the direct simulations. The cavity flow structures predicted by the turbulent and direct simulations for the X e/Do = 1.2 case [Figs. 5(d) and 4(d), respectively] are similar in nature, even though the latter is dynamically oscillating within the cavity. Interestingly, the streamline drawn from the edge of the forebody in Fig. 5(d) shows that flow dips slightly into the cavity near the disk and then flows back around the tip of the disk. This dividing streamline also suggests that no flow is entering the recirculation region. The dynamic flow structure downstream of the disk predicted by the direct simulations is quite different from the single-vortex structure obtained with the k-e turbulence model.
In general, results obtained for the larger-spindle case are similar to those shown in Figs. 4 and 5. Calculations were also made for different disk sizes, and similar dynamic flow structures were found. These calculations suggest that the minimum-drag-coefficient condition seems to be coupled to the steadiness of the vortex trapped in the cavity formed between the forebody and disk. Multiple vortices form in the smaller cavities and periodically shed which, in turn, makes the vortex behind the disk shed also. The single dominating vortex established in larger cavities rotates within the cavity which, in turn, develops multiple vortex structures behind the disk.
The drag coefficient computed as a function of time for different disk locations for smaller and larger spindles is shown in Figs. 6(a) and 6(b), respectively. The timeaveraged data shown in Fig. 2 correspond to the instantaneous data given in Fig. 6(a) . Data for the optimum cavity sizes are shown with solid circles. Overall, the frequency for fluctuations in ACE) is found to be inversely related to the cavity size. For cavities smaller than the optimum size, calculations have always yielded fluctuating drag coefficients. On the other hand, for larger-thanoptimum cavities, fluctuations in the drag coefficient are observed only for significantly larger cavities. Interestingly, the near-steady drag coefficient for Xe/Do = 0.7 in the case cf the smaller spindle [ Fig. 6(a) ] and for X,/Do = 0.8 in the case of the larger spindle [ Fig. 6(b) ] is significantly higher than the respective values obtained with the optimum cavity sizes. This indicates that even though under minimum-drag conditions the vortices in the cavity and behind the disk are locked spatially, the converse-locked vortices yielding minimum drag--is not always true.
Residence Time and Entrainment in the Cavity
With the proper choice of cavity dimensions such as length and height, the vortex/vortices in the cavity can be made stationary. On the other hand, a stationary vortex yields minimum mass exchange between the vortex and the main flow (flow in the annular gap). In a combustor, this implies that the transport of the oxidizer from the main flow into the cavity will be minimum when the vortices in the cavity are locked. Since locked vortices help to stabilize the flames in the combustor, for accommodating the decrease in the oxidizer entrainment into the cavity, additional air must be fed into the cavity directly to obtain better performance from the trapped-vortex combustor. Therefore, it is important to understand the residence time and entrainment characteristics of cavity flows for different cavity sizes.
A quantitative estimation of entrainment is difficult in a dynamic-flow system since entrainment resulting from vortex motion and fluid transported from the molecular and/or turbulent diffusion are tightly coupled. The concentration of tracer fluid which represents the net transport from entrainment and diffusion cannot yield the entrainment characteristics of a dynamic flow. Therefore, in the present study estimations for the residence time and entrainment resulting from the dynamic motion of vortices in the cavity are made by following unique approach based on particle distribution. Two sets of massless particles were injected into the combustor--one set in the cavity region close to the forebody (Location A) and the other into the air flow at the entrance (Location B). Both sets of particles were injected into the flowfield with a time interval of 0.27 ms. The fraction of the mass that originated in the cavity and remained in the cavity after t ms is obtained by summing the particles that were released from Location A at a time t-ms prior and are still laying within the cavity. The decay of injected fluid in the cavity at different times for different cavity sizes is shown in Fig. 7(a) . Since the residence time for the fluid that is injected into the cavity is inversely proportional to the decay time, Fig. 7(a) also represents the residence-time characteristics for different cavity sizes. The observations made from Fig. 7 (a) are as follows: 1) When the vortices in the cavity become stable (0.6 case), the injected fluid remains in the cavity. The small fluctuations obviously indicate that the vortices in the cavity are not perfectly locked. 2) For the case of X./Do 0.4, the injected fluid leaves the cavity with time. Interestingly, the fluid decay in this case is not a linear function of time. Figure 7(a) indicates that the initial 80 percent of the fluid left the cavity in about 40 ms, whereas the remaining 20 percent fluid required -80 ms to leave the cavity. This variation in residence time is resulting from the differences in the dynamic characteristic of the vortices in the cavity. The vortices in the upper half seem to shed from the cavity, whereas the ones in the lower half move within the cavity itself. Therefore, the particles (or mass) injected into the vortices in the upper half have less residence time, and the particles injected into the lower-half vortices remain in the cavity for longer periods of time. Because of the difference in the residence times of the mass injected from different locations within the cavity, evenly distributed combustion within the cavity can be achieved by injecting fuel and air into the cavity at multiple locations with varying flow rates. Flow within the cavity becomes dynamic also for the cases where the length of cavity is greater than that of the optimum one. As a result, the mass of the fluid remaining in the cavity decreases with time [ Fig. 7(a) 1. However, unlike in the case of the shorter-than-optimum cavity, fluid fluctuates at a near-constant frequency (72 Hz). These fluctuations result either from entrainment of particles into the cavity that had left earlier or from accumulation of particles resulting from a phase lag between the injection and ejection times. A close look at the cavity-flow structure in Fig. 5(d) suggests that vortices are mg shedding from the cavity; hence, entrainment of cavity particles back into cavity may be ruled out. The particle distribution in this figure also indicates that particles lump together while moving around the center of the cavity and when that lump comes closer to the edge of the afterbody, a fraction cf particles leaves the cavity. This implies that the particles injected into the cavity vortex at a certain phase leave the cavity quickly [corresponds to the maxima in the XiDo =1.2 curve in Fig. 7(a) ]; on the other hand, those injected at other phases tend to remain in the cavity for longer periods of time (corresponds to the minima). This scenario can be confirmed by considering the relationship between the time period for one cycle (-14 ms) and the distance traveled by the particle lump (-340 mm, obtained from the cavity dimensions) which yields a velocity of 24 m/s-close to the jet velocity or the recirculating flow velocity in the cavity. These insights into the vortex dynamics and particle accumulation in the cavity aid in determining the injection pattern for providing longer or shorter residence times for the fuel-air mixture to obtain better combustion and pollutant management. For bringing the main air/fuel into the cavity, it is important to know the entrainment characteristics of the vortices for different cavity sizes. Such characteristics fir three cavity sizes were obtained by calculating the number of particles injected in the main flow and entrained into the cavity. Entrainment rates from the particle count are shown in Fig. 7(b) . As expected, when the vortex is trapped in the optimally designed cavity very little main flow is entrained into the cavity. This emphasizes the important aspect of the trapped-vortex combustor-that under optimum design conditions, the fuel and air necessary for efficient combustion in tile cavity should be directly injected into the cavity without relying on entrainment from the main flow. On the other hand, when the cavity is smaller than the optimum one, as in the case of XiD D = 0.4, the entrainment rate initially increased linearly up to t = 40 ms and later slowly reached a saturated value. The balance between entrainment into and shedding from the cavity resulted in a saturated level for the main-flow particles in the cavity. In the case of the larger-than-optimum cavity [X./Do = 1.2 case in Fig. 7(b) 1, particles that were injected into the main flow entered the cavity in a step-wise fashion. As discussed earlier, a maximum number of particles enters the cavity during a certain period of the vortex evolution. The gradual decrease in the step height with time indicates that the entrainment rate is approaching a saturated value.
Combusting Flow
Considering the advantages of locked vortices for stable combustion, Hsu et al. (1995) have developed a laboratory combustor that can operate over a wide range of flow-rate conditions. The geometry of the center-body combustor designed by Hsu et al. (1995) is similar to that studied by Little and Whipkey (1979) for non-reacting flows. For investigating the vortex characteristics in the cavity under combusting-flow environment, calculations were made for the simulation of reacting flow for the combustor of Hsu et al. (1995) . This combustor consists of a forebody and an aflerbody of diameters 70 and 50.8 mm, respectively. The combustor is enclosed in a 80-mm-diameter Pyrex annular tube. Main air is delivered through the annular gap between the Pyrex tube and the forebody at a velocity of 42 m/s. Primary air and fuel (propane) are injected into the cavity from the afterbody. Fuel and air are carried to the afterbody through a central tube that connects the afterbody to the forebody. Figure 8(a) , obtained using a normal photographic camera with long exposure time, shows the flame and the combustor geometry for operation under a primary equivalence ratio (defined as fuel-to-air ratio injected into the cavity relative to the ratio required fastoichiometric combustion) of 4.4.
Calculations were made for the above fuel-rich condition using a 251 X 101 grid system. Fuel and air in the experiment were injected into the cavity through three coannular rows of holes drilled on the face of the afterbody. The fuel holes were sandwiched between the air holes. The symmetric distribution of holes is assumed to provide only weak three-dimensional effects. For performing axisymmetric calculations on this near-symmetric combusting flow, the fuel and air holes were replaced with annular slots of 1-mm width in the model. The flat velocities of 12.4 and 5 m/s at the exits of air and fuel slots gave the measured flow rates of 56 and 25 slpm, respectively.
The instantaneous flow computed with a fast-chemistry assumption is shown in Fig. 8(b) by plotting isotemperature contours and velocity vectors in the upper and lower halves, respectively. Computed flow in the cavity has a large vortex generated by the high-speed annulus air flow and several small vortices that are primarily developed from the interaction of fuel and air jets injected into the cavity. Fig. 8(b) also indicates that the flow of combustion products from the cavity over the disk is associated with only weak shedding. This was confirmed by making animation of the time-dependent solution. The weak vortex shedding from the cavity suggests that the global vortex structure in the cavity represents a locked vortex. Note that the design strategy used by Hsu et al. (1995) for determining the cavity size was based on the conditions far obtaining locked vortices in cold flows without primary injection. For this cavity size, cold-flow calculations also showed locked vortices within the cavity and behind the afterbody. Absence of strong vortex shedding from the cavity, noted from the reacting flow calculations made with primary injection (Fig. 8) , suggests that the locked-vortex criterion obtained using cold annular flow yields locked vortices (overall) in the reacting flow case also. Additional calculations must be performed with different cavity sizes before a general conclusion can be reached regarding locked vortices in cold and reacting flows.
The overall flow structure and the temperature field are obtained from direct numerical simulations by time averaging the 8000 instantaneous solutions over a period cf 40 ms and the results are shown in Fig. 8(c) . The dominating cavity vortex and the near steady-state wake vortex noted in the instantaneous solutions [ex. Fig. 8(b) ] have appeared in the time-averaged data as stable recirculation regions. A small recirculation region in the corner of the spindle and disk may also be noted in Fig.  8(c) . Time avenging has also eliminated the temperatures that are greater than 1600 K [absence of Contour No. A in Fig. 8(c) ]. The computed peak temperature (time-averaged) of 1600 K is lower than that measured (-1900 K) in the experiment. In fact, even the instantaneous temperature never exceeded 1750 K in the direct numerical simulations. Since a fastchemistry model was used in the present simulations, the lower computed temperature could be resulting from the mixing-limited environment in the cavity. It is known that even though large-scale flow structures play a major role in the mixing of fuel and air, small scales are important for mixing on a local level. The present simulations predict only the large-scale vortical structures in the cavity. The lower predicted temperature could then be due to the absence of small-scale vortices in the calculations. For verifying this, calculations were made by including the k-E model for turbulence. Computations resulted in a steady flow and the predicted temperature field is shown in Fig.  8(d) . Note that the same 251 X 101 grid system utilized in direct numerical simulations was employed for these calculations also. Surprisingly, the peak temperature obtained in Fig. 8(d) was only 1500 K-lower than that obtained without the turbulence model. This suggests that the combustion in the cavity is not limited by the smallscale mixing.
In experiments, primary fuel and air are passed through the central tube and afterbody before being injected into the cavity. Since both the center tube and afterbody are surrounded by the hot combustion products, their wall temperatures are expected to be higher than the temperature of the incoming fuel and air which, in turn, heats the fuel and air. On the other hand, even though the walls of the afterbody and center tube were treated as adiabatic walls in the present simulations, fuel and air were injected into the cavity at room temperature since flow inside the tubes was not considered. It is believed that the hotter fuel and air injected into the cavity leads to the higher temperatures in the experiment. A comparison between the time-averaged flow field [Fig. 8(c) ] and the steady-state solution resulted from k-E model [ Fig. 8(d) ] reveals significant similarities. Mainly, the recirculation zone observed in the time-averaged data matches well with that obtained with k-E. model. On the other hand, the wake vortex behind the disk and the comer vortex of the spindle and disk predicted with k-c turbulence model are weaker than those obtained from the timeavenged direct-numerical-simulations data. Temperature distributions in Figs. 8(c) and 8(d) are also quite different. Simulations with k-E model yielded jet-flame structures in the cavity following the fuel and air injections where as, more uniform temperature distributions are obtained with direct numerical simulations.
SUMMARY
Vortex shedding behind a bluff forebody leads to a higher drag coefficient. It is known that by trapping these wake vortices using disks, the drag coefficient of the forebodyspindle-disk combination can be decreased. The dynamics of the vortices formed inside the cavity and behind the forebody were studied using a time-dependent, axisymmetric Computational Fluid Dynamics with Chemistry (CFDC) code. A large number of grid points with AX and Ar -0.9 mm was used to capture the largescale structures whose physical size is up to an order of magnitude smaller than the cavity height. The important conclusions reached from the calculations made with different cavity sizes, spindle diameters, and disks are that 1) changes in drag coefficient can be predicted from the simulation of large-scale structures alone, 2) for the optimum cavity length at which the drag coefficient becomes minimum, the vortices in the cavity and behind the disk are locked spatially; however, the converse-locked vortices correspond to a minimum-drag condition-is not always true, 3) more than one dominant vortex is developed in smaller-than-optimum cavities and vortex shedding always occurs from these cavities, 4) a single dominating vortex formed within a larger-than-optimum cavity moves within the cavity and shedding is not associated, and 5) because of the cavity-vortex shedding, entrainment into the cavity is greater and residence time is lower in the smallerthan-optimum cases compared to those in the larger-thanoptimum ones. These findings are useful in determining the locations for injecting primary air and fuel into the cavities for trapped-vortex-combustor applications..
Calculations were also performed for the reacting flow in the trapped-vortex combustor designed by Hsu et al (1995) using the fast-chemistry model. Preliminary results suggest that the optimum cavity length determined f10111 the nonreacting annular flow seems to yield non-shedding cavity flows, even with combustion and primary injection into the cavities. Additional calculations must be performed to verify this conclusion for different-geometry combustors.
